This paper presents an application of the Universal Thermal Climate Index UTCI to studies of regional variability in human-biometeorological conditions. The variability in question was assessed by reference to selected meteorological stations representing Central and Southern Europe, i.e. Kołobrzeg, Warsaw and Świeradów (in Poland), Prague, Budapest, Ljubljana, Milan, Rome and Athens, with the bioclimatic features characterising these localities being presented against the background of the Köppen-Geiger climate classification. In line with that classification, the first five stations are found to represent the cold climate zones (Dfb, Dfc). The last four stations are in turn located in the temperate climate zones (Cfa, Cfb, Csa). Seasonal changes in UTCI values and the frequency of occurrence of UTCI categories are discussed. Significant regional differences in bioclimatic characteristics were found between the stations representing various 
Introduction
In the last century more than one hundred indices were developed to assess bioclimatic conditions for human beings (Parsons 2003; Epstein & Moran 2006; Błażejczyk et al. 2012) . Some of these are based on generalised results of measurements (e.g. of wind chill, cooling power, wet-bulb temperature), while others relate to empirically observed reactions of the human body to thermal stress (e.g. physiological strain effective temperature).
Contemporary bioclimatic research is based on study of the direct relationships between the atmosphere and the human organism. It considers both conditions for heat exchange with the atmosphere (stress) and the physiological response in human beings (strain). The balancing of the human heat budget, i.e. the equilibration of the thermal state of an organism, is controlled by a very efficient autonomous thermoregulatory system (Havenith 2001; IUPS 2003) . It is crucial for human beings that body core temperature be kept within a narrow range around 37°C. In contrast, the temperature of the skin and extremities can vary widely, depending on environmental conditions. Variation in skin temperature is one of the mechanisms keeping heat production and heat loss in equilibrium over a longer period, this leading to a reduction in changes in the heat content of the body to zero (Hensel 1981; Clark & Edholm 1985) .
First attempts at modelling the human heat balance go back to the end of the 1960s. Almost every such model proposes a specific index of thermal comfort or thermal sensations. These include the Outdoor Standard Effective Temperature and SET index (Gagge et al. 1986; Pickup & de Dear 2000) , the Munich Energy Balance Model of Individuals and the PET (Physiologically Equivalent Temperature) index (Höppe 1984) , the Man-Environmental Heat Exchange Model and PST (Physiological Subjective Temperature), as well as STI (the Subjective Temperature Index) (Błażejczyk 1994) , the Klima-Michel-Model and the PT (Perceived Temperature) index (Jendritzky 1990) . In the past two decades multi-node models of human thermoregulation have been developed (Fiala et al. 1999 (Fiala et al. , 2001 Huizenga et al. 2001; Tanabe et al. 2002) . These models simulate heat-transport phenomena within the human body and at its surface, taking into account the anatomical, thermal and physiological properties of the human body, as well as physical features of clothing. One measure of heat stress caused by meteorological conditions is the Universal Thermal Climate Index (UTCI) derived from the multinode dynamic UTCI-Fiala model of human temperature regulation and thermal comfort (Fiala et al. 2012 ).
types of climate. While the highest summer values for UTCI are very similar at all stations (39-42°C), the frequency of occurrence of days with at least strong heat stress (SHS) varied from 2% at the coastal station of Kołobrzeg in Poland to more than 50% at the Milan, Rome and Athens stations. In winter the lowest UTCI values are much differentiated regionally, from -54°C at the mountain station in Świeradów, Poland, to -22°C in Rome. In the zone of cold climate, the frequency of occurrence of days with at least strong cold stress (SCS) is >40%, while in the temperate climates, strong cold stress is characteristic of less than 2% of winter days.
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The majority of bioclimatic indices have been used more or less frequently for specific purposes, and for particular regions or seasons. One of the first widely-used indices was Effective Temperature (ET), as proposed by Missenard (1933) . This was applied in East Germany, Poland and the Soviet Union, etc. Thus, for example, Błażejczyk et al. (1994) and Kozłowska-Szczęsna et al. (2004) used it to validate the bioclimate at different Polish health resorts. They found, not only significant seasonal variability to bioclimate, but also spatial differentiation found to depend on air-mass circulation and local features of the environment. In Hong Kong, Li and Chan (2000) applied Missenard's approach to the forecasting of heat and cold stress risk.
Recent bioclimatic studies have made frequent use of indices derived from human heat balance considerations. As mentioned by Staiger et al. (1997 Staiger et al. ( , 2012 , Perceived Temperature (PT) is used by the German Weather Service as an indicator of bioclimatic conditions (Jendritzky et al. 2011) . The index has also served as a basis for climate-related mortality studies (Laschewski & Jendritzky 2002) , and for the bioclimatic mapping of Germany (Jendritzky 1990) . The maps present the frequency of occurrence of particular categories of thermal sensation.
Great differences between seasons are reported when using Physiologically Equivalent Temperature (PET) (Mayer & Höppe 1987; Matzarakis et al. 1999) . PET has been used to assess bioclimatic conditions in many countries and regions (e.g. Matzarakis & Mayer 1991; Gulyás & Matzarakis 2009; Matzarakis et al. 2012) . At all the sites studied the authors found a risk of heat stress in the summer and/ or a risk of cold stress in the winter season.
The Subjective Temperature Index (STI) was used by Błażejczyk (2006) to evaluate seasonal and spatial variability to the bioclimatic conditions in Poland. The work revealed significant regional differences in STI (a relatively mild bioclimate at the Baltic Sea coast, but severe features of bioclimate in northeastern Poland and in mountain regions). Błażejczyk and Matzarakis (2007) Kottek et al. 2006 , Peel et al. 2007 , Jylha et al. 2010 . This classification produces a quite effective description of the global variability to climate on the basis of thermal and humidity regimes. However, the classification does not offer any characterisation of the human bioclimate, which should therefore be added to the descriptions of climate types. In line with the global nature of the Köppen-Geiger classification, the bioclimatic index should also be valid for all climates around the world -a requirement that is met by the newly-developed Universal Thermal Climate Index (UTCI) (Jendritzky et al. 2012) .
The aim of the research described here was thus to analyse the principal features of bioclimate in Central and Southern Europe, and to validate those characteristics proving most valuable in bioclimatic indication of the Köppen-Geiger types of climate. To this end, seasonal and regional features of UTCI at selected meteorological stations have been discussed and evaluated with a view to a bioclimatic characterisation of selected types of climate being arrived at.
Materials and Methods

Study areas and data
Meteorological data from the period 1991--2000 were used to study seasonal and regional differentiation to the bioclimatic conditions characterising selected stations in Central and Southern Europe (while the paper presents the first attempt at using UTCI in regional research for validation purposes, the authors have decided to apply available data for a 10-year period, which is accepted by the WMO as the shortest period which can be taken into account by climatic research). Daily data on air temperature, water vapour pressure, wind speed and total cloud cover at midday (12:00 UTC) were used to calculate daily UTCI values. Data for a midday time of observation were used, since this represents the time of the day at which people are most active, with the outdoor climate most influencing the human organism. In bioclimatic research 12:00 UTC is the reference observation time.
The region studied is represented by nine stations: Kołobrzeg, Warsaw, Świeradów, Prague, Budapest, Milan, Ljubljana, Rome and Athens (Fig. 1 ). While the most of the stations meet WMO requirements as regards an airport location, some represent different topographic units: mountain slopes (in the case of Świeradów), the coast (Kołobrzeg) or a wide and deep mountain basin (Ljubljana). Within different contemporary modifications of the Köppen-Geiger classification, the adaptation proposed by Peel et al. (2007) was taken as a background to the work presented here. The meteorological stations selected represent two groups of climate: cold and temperate. However, secondary features of climate differ from site to site (Tab. 1).
UTCI as an indicator of bioclimate variability
The Universal Thermal Climate Index (UTCI) is derived from the UTCI-Fiala model, in which the human organism is separated into two interacting systems of thermoregulation: the controlling active system, and the controlled passive system. The latter is a multi-segmental, multi-layered representation of the human body with information on anatomical and physiological body properties. The model represents an average person of body weight 73.5 kg, body fat content 14% and Dubois area of 1.86 m². Body elements are subdivided into 12 spatial sectors and 187 individual tissue nodes. In turn, the active system predicts the thermo-regulatory reactions of the central nervous system: suppression and elevation of the cutaneous blood flow, shivering thermogenesis and sweat secretion (Fiala et al. 2012 ).
The UTCI is defined as the air temperature of the reference condition causing the same model response (in terms of sweat production, shivering, skin wettedness and skin blood flow, as well as in rectal, facial and mean skin temperatures) as the actual conditions (Błażejczyk et al. 2010; Bröde et al. 2012; Psikuta et al. 2012) . The model response is indicative of the physiological and thermoregulatory processes significant as regards a human being's reaction to neutral, moderate and extreme thermal conditions.
The UTCI can be calculated in two different ways: on the basis of the resolution of Fiala's heat balance model or by reference to a regression model. As the direct application of Fiala's multi-node model is R' is the solar radiation absorbed by the outer layer of clothing in a standing man. It was calculated using the statistical SolAlt model developed on the base of experimental research carried out in various geographical zones, from tropical to sub-polar (Błażejczyk 2004 (Błażejczyk , 2005 Błażejczyk & Matzarakis 2007) . The model assesses R' on the basis of information concerning total cloud cover, elevation of the sun and albedo of clothing.
In contrast to other bioclimatic indices (SET, PT, PET, PST and others), the UTCI values are categorised in terms of thermal stress based on the physiological response (strain) rather than on thermal sensations or thermal comfort. The approach uses responses in the reference conditions and deducts load (i.e. heat or cold stress) caused by the physiological response of an organism under actual environmental conditions. Table 2 presents the labelled stress categories and corresponding physiological responses (after Bröde et al. 2012) .
Bioclimatic characteristics
The daily values for UTCI were calculated for each day of the studied period (for 12:00 UTC). For the purposes of statistical analysis the year was divided into 10-day periods of each month, i.e. 1-10 Jan, 11-20 Jan, 21-31 Jan, 1-10 Feb … 21-29 Feb … 1-10 Apr … 21-30 Apr, etc. For each 10-day period, mean, highest (UTCI max ) and lowest (UTCI min ) registered values of UTCI were calculated. 10-day periods for UTCI were applied to determine the duration of periods with the risk of at least strong heat stress (SHS, UTCI>32°C) and strong cold stress (SCS, UTCI<-13°C). Mean monthly and yearly UTCI values were also calculated, along with the amplitude of the index (dUTCI, i.e. the difference between the highest and lowest UTCI in the studied period). The frequencies of occurrence of particular categories of UTCI were the next measures of bioclimatic conditions. Statistical analysis involved one-way ANOVA, significance of differences between compared stations being verified by t-Student test applying the STATISTICA 10 software package.
Results
As expected, UTCI values were differentiated seasonally and regionally. At northern locations (in zones of cold climate), the average UTCI values are significantly lower than in the southern part of the studied region (with temperate climates). In summer, values for UTCI max are very similar at all locations, fall within the 'very strong heat stress' category. However, values for UTCI min are differentiated markedly across the studied area.
Their lowest values were noted in Świeradów and Warsaw. In Świeradów this was a reflection of a location in a mountain valley where inversions of temperature are typical. In Warsaw, low UTCI values are the result of advections of cold polar continental or arctic air (Błażejczyk 2006) . Topographic modification of UTCI min is also seen in Kołobrzeg and Ljubljana. Notwithstanding its most northerly location, Kołobrzeg has a coastal position that provides for warming of the air in winter, and consequently a relatively high UTCI min . However, in Ljubljana, located at a similar latitude to Milan but in the bottom of a mountain basin, UTCI min is lower by 10°C. The highest UTCI min values are in turn noted in Rome (Tab. 3).
While UTCI is strongly differentiated seasonally its annual amplitude (dUTCI) was also seen to vary regionally. Differences in dUTCI at the stations located on flat areas changed from about 62°C in Milan (in the zone of temperate climate) to 93°C in Warsaw (zone of cold climate). A similar geographical trend is to be noted for stations situated in valleys and basins: in Ljubljana (the temperate climate zone) dUTCI is 73°C and in Świeradów (cold climate zone) is 93°C (Tab. 3).
When analysing the annual course of UTCI max values, we found similar seasonal patterns for all stations. In winter months the values for UTCI max varied from about 5 to 10°C at the coastal station in Kołobrzeg to about 10 to 15°C in other locations. In the warm season (April to September) the regional variation in values for UTCI max is very small: the differences between the lowest and highest values are of 3 to 6°C (by contrast, in the cold season they reach 12°C). At all stations, the period in which values for UTCI max above 32°C occur is very similar. In most stations, the heat-stress period starts in the second 10-day period of May and lasts until the middle of September. Only in Athens does the period in question extend through to the end of October (Fig. 2) . The lowest daily UTCI values vary markedly from station to station. In the summer months the regional variation in UTCI min is of 30 to 40°C (from -8°C in Świeradów to 30°C in Athens). However, in winter the range of UTCI min values reaches almost 50°C (from -54°C in Świeradów to -5°C in Rome). The period with UTCI min below -13°C is also much differentiated regionally. The period with strong cold stress risk varied from station to station. The longest (250 days) occurs at the mountain station Świeradów (Dfc climate type), from the last 10-day period in September through to the last such period in May, while the shortest (of just 50 days' duration) characterises Milan (the Cfa type of climate), extending from the beginning of January through to the end of February. For the stations representing the Dfb climate type the cold risk period extends over 210-220 days of the year in Warsaw and Kołobrzeg and for 160-180 days in Prague and Budapest. In Ljubljana (Cfb climate type), the cold risk period lasts 100 days and in Rome (Csa climate) for 70 days. The exception is Athens (Csa) where cold stress risk is relatively long-lasting (120-130 days a year, Fig. 3) .
In bioclimatic research importance is attached to both the possible range of extremes and the frequency of occurrence of particular categories of the index. In all seasons, Milan (Cfa) as well as Rome and Athens (Csa), are the cities with the greatest frequency of strong and very strong heat stress. In spring, conditions of moderate and In other cities the corresponding frequency does not exceed 10%. By contrast, in autumn these categories of heat stress are present 25-50% of the time. While UTCI max values in summer are not differentiated spatially across the region studied, the frequencies of occurrence of particular heat-stress categories varies greatly. Again, it is in Milan and Rome that all categories of heat stress (moderate, strong and very strong) are present on more than 80% of all days. In Athens such conditions occur almost every day (97.5% of the time). They are also very frequent in Budapest and Ljubljana (on 50-60% of days). Such biothermal conditions are far less frequent in the coastal city of Kołobrzeg (occurring just 13% of the time). Winter is the season with the most differentiated UTCI frequency patterns. The optimal 'no thermal stress' UTCI category only arises very rarely in Warsaw, Prague and Kołobrzeg (Dfb). At the same time, very strong cold stress can occur on 2-5% of all winter days. Significantly milder biothermal conditions characterise Milan, Athens and Rome in which there is 'no thermal stress' present on some 40-55% of days (Fig. 4) . Significant regional differences in bioclimate are also well seen when mean monthly values for UTCI are analysed. At all stations, August is the hottest month. In the group of cold climates (Dfb, Dfc) mean monthly UTCI is of 20-29°C. The highest August UTCI value was registered in Budapest (because of its latitude) and the lowest in Kołobrzeg (because of its location on the Baltic Sea coast). Relatively low UTCI means were also found in Warsaw (due to frequent advection of Arctic air masses) and in Świeradów (because of its mountain location). At the stations representing a temperate climate the mean UTCI values for the hottest month (August) were much higher than in the cold zone, reaching about 35°C in Athens. The exception is Ljubljana, located at the bottom of a deep mountain basin, where the mean UTCI for August is of only about 27°C. January is usually the coldest month in the studied region. Again, stations representing the cold climate zone are characterised by significantly lower winter UTCI values than stations from the temperate zone. In the cold zones the lowest UTCI means are below zero (from -3 to -14°C), while in the temperate zone the index values are above zero (2-7°C) (Tab. 4).
In summary, the work described here provides a characterisation of the general features of bioclimate in relation to the considered Köppen-Geiger types of climate. As indicated below, the main types of climate differ in terms of the range of UTCI values in the coldest and hottest months. The frequencies of occurrence of extreme UTCI categories (strong heat stress and strong cold stress), as well as the numbers of days a year characterised by the risk of heat stress (SHS) or cold stress (SCS) also differ noticeably.
The bioclimate in the circumstances of the Dfb type of climate is characterised by UTCI mean (UTCI hot ) values in the hottest month of 20-25°C. The frequency of SHS days in the summer is <10%. In the coldest month, average UTCI (UTCI cold ) values are below zero. The frequency of occurrence of strong cold stress reaches 40% of all days in winter. The period of strong heat stress risk lasts 160-180 days a year, while the period of strong cold stress risk is of between 160 and 220 days' duration. In particular locations (mountain valleys, the coast, deep basins), some bioclimatic characteristics can differ slightly from those listed above. Along the coast of the Baltic Sea the frequency of occurrence of summer SHS is <2%, while in winter the frequency of occurrence of SCS is at about 20%. In the Pannonian Basin, in turn, in the hottest month has UTCI values reaching some 29°C, while the frequency of occurrence of SHS in summer is around 25%.
The bioclimate associated with the Dfc type of climate was studied observed in Poland's Sudety Mountains. In the hottest month the UTCI hot value is of about 21°C. The frequency of occurrence of SHS in summer is <5%, while the period of heat stress risk lasts 100 days per year. In the coldest month, UTCI falls to -9°C (while the absolute UTCI min is almost -54°C). The frequency of occurrence of SCS in the winter months increases to 28%, while the period of cold stress risk lasts 250 days a year. In the Cfa climate zone (Milan) the hottest month has mean UTCI values reaching 30-35°C, with a summer frequency of occurrence of SHS equal to 53%. The period of heat stress risk lasts about 150 days a year. In the coldest month, UTCI is at ~5°C and the winter frequency of occurrence of SCS is <1%. The period of cold stress risk lasts approximately 50 days a year.
The bioclimate of a basin area within the Cfb climate zone in the hottest month is characterised by UTCI of 25-30°C, with a summer frequency of occurrence of SHS equal to about 20%. The period of heat stress risk lasts 100 days a year. In the coldest month, UTCI is at 0-1°C, while the winter frequency of occurrence of SCS is <2%. The period of cold stress risk lasts 50-60 days a year.
For the Csa climate zone the hottest month is characterised by mean UTCI of 30-35°C and a summer frequency of occurrence of SHS of approximately 50-70%. The period of heat stress risk lasts about 150 days a year. In the coldest month, UTCI is equal to 8-10°C, while the winter frequency of occurrence of SCS is 1-4%. The period of cold stress risk lasts 50 days a year on average.
Discussion
The general features to the seasonal cycle of human bioclimate presented in this paper as based on the UTCI are quite similar to the results obtained when using previous Similarities to the various indices can also be found in spatial distributions for the ET, PT, PET and UTCI indices. Jendritzky and Tinz (2009) have generated maps of PT characteristics (frequency of occurrence of particular PT categories) on the global scale, even with a view to predicting future bioclimate. They found differences in PT between areas in line with their longitude. Matzarakis et al. (2007) presented maps of monthly PET values for January and July over Europe. The visual analysis of maps shows regional differences between northern and southern parts of the continent. Błażejczyk et al. (2010) used UTCI to characterise bioclimatic features of winter and summer months in fifteen European cities representative of the whole continent. They found great summer--to-winter differences in heat and cold stress frequencies between southern and northern, as well as western and eastern, stations. The same stations were used by Błażejczyk and Kunert (2010) . The authors have found statistically significant geographical gradients (both latitudinal and zonal) for UTCI values in Europe.
While the general features of the annual cycles of bioclimatic conditions are similar when either the previous generation of indices or UTCI are used, the greatest advantage of the latter is the way in which it indicates the actual physiological responses of an organism to climate stimuli in the most realistic way. UTCI can also explain why particular seasons and regions can be hazardous for human beings from the point of view of physiological responses to ambient stimuli. In Southern Europe the most hazardous period is July and August, when a high frequency of occurrence (>50%) of days with a strong or very strong heat stress risk is characteristic. In Central Europe, in turn, it is January and February that are most hazardous, thanks to the high (>40%) frequency of occurrence of days characterised by a strong or very strong cold stress risk.
Thus far no author has attempted to discuss how analysed bioclimatic indices match the Köppen-Geiger classification of climates. The results of the present study propose several features of bioclimate as supplementary information to the Köppen-Geiger classification. From the bioclimatic point of view the most important are: 1) Mean values of UTCI in the hottest and coldest months; for cold climates UTCI hot Geographia Polonica 2015, 88, 3, pp. 439-453 is 20-30°C and UTCI cold <0°C, for temperate climates UTCI hot is >30°C and UTCI cold 0-10°C;
2) The frequency of occurrence of SHS days in the summer season and SCS days in the winter season; in particular climate zones SHS is characteristic 5-30% of the time in the case of Dfb, 5-10% for Dfc, 50-55% for Cfa, 20% for Cfb and 50-70% for Csa, however SCS varied from 10-40% for Dfb, 30% for Dfc, and less than 5% for the Cfa, Cfb and Csa climates);
3) The durations of the periods during which a risk of strong heat stress and strong cold stress may arise; the period of strong cold stress risk lasts 160-220 days a year in Dfb climates, 250 days in Dfc and about 50 days a year in the Cfa, Cfb and Csa climates; the period of strong heat stress risk in turn lasts 160-180 days a year in the case of Dfb climates, 100 days for Dfc and 100-150 days a year for the Cfa, Cfb and Csa climates.
Bioclimatic characteristics differ, not only on the main level of the Köppen-Geiger classification, but also within its secondary levels. It seems that bioclimatic conditions are shaped, not only by general features of climate considered in terms of the discussed classification, but also by regional and even local factors. The findings of the present research encourage the undertaking of further studies of bioclimatic features for a wider representation of climate regions, in order that the Köppen-Geiger classification may be further supplemented. In future research, data from stations representative of a wider spectrum of types of climate should be applied. Energy and Buildings, vol. 34, no. 6, 
tion (65MN) and radiation models and computational fluid dynamics (CFD).
